The half-life of pectinmethylesterase decreased from 8.5 h in an aqueous solution to 3.5 h when 100 mL/N 2 min Ϫ1 was bubbled through it at 50°C. Inactivation strongly depended on the pH and the ionic strength and was enhanced at a pH close to the pI of the enzyme.
Introduction
Experimental observations in our laboratory have shown that gas bubbling induces enzyme inactivation (Lindet et al., 1995) . As enzymes cause undesirable deterioration in the quality of food product, they are generally inactivated by heat treatment. Because losses of product quality may occur, the food industry is therefore looking for an improvement of the enzyme inactivation kinetics. Very few studies refer to enzymes at gas-liquid interfaces and only protein behaviour at static air-water interfaces has been studied. Changes in the secondary structure of peroxidase have been identified after adsorption at the air-water interface (Tronin et al., 1996) and low losses of enzymatic activity have been observed in the case of lysozyme and nuclease (Xu and Damodaran, 1993 ; Inbar and Miller, 1976) .
Pectinmethylesterase (PME) is a widely present enzyme in fruit plants. It catalyses the hydrolysis of methyl ester groups of pectin. It is a very thermostable enzyme (Rouse et Atkins, 1952) . The problem of cloud and consistency loss of fluids of vegetable origin are important in the food juice industry. Many authors have demonstrated that PME activity is responsible for the physico-chemical modifications of the juices (Arreola et al., 1991 ; Balaban et al., 1991 ; Laratta et al., 1995) . Techniques allowing a better pectinmethylesterase inactivation in relevant food products could be valuable (Ishikawa et al., 1995) .
In order to characterize the PME inactivation at gas-liquid interfaces, two different reactors have been used : a bubble column and a stirred gas-liquid reactor. In this paper, the effect of gas-bubbling on PME inactivation is reported in the two reactors as well as the effect of the parameters acting on the adsorption process at the gas-liquid interface.
Materials and methods

Materials
Pectinmethylesterase (PME) from Aspergillus niger was kindly provided by Gist Brocades. A complete PME purity is found on agarose electrophoretic gel. Its molecular weight is 40 000. Its isoelectric point is 4.4. Pectin (SBI, France) with a methylation degree Ն70 % was used as the enzyme substrate. All the other chemicals used in this work were of the highest grade commercially available. N 2 was from Airgaz (France) with a certified purity of 99.995 %.
PME activity
The PME activity was determined by automatic titration according to the method of Rouse and Atkins (1952) . The method is based on the production of acidity during the decomposition of pectin by PME. A 0.5 wt % pectin and 0.1 M NaCl was used. Given volumes of the PME solution and of the pectin solution were contacted at a controlled temperature of 25°C, and the volume of 10 mM NaOH needed to keep the pH constant at 4.5 was recorded. One unit of PME activity was defined as the concentration of PME which released 1 µmol carboxyl groups.min Ϫ1 .
Reactors
Bubble column
A 15 mm internal diameter and 0.4 m height column shown in Figure 1 was thermostated with a double envelope. Pure nitrogen from a gas cylinder was bubbled in the column through a gas sparger located at its bottom. Three single nozzles 50 µm in diameter were used for the generation of the bubbles. The N 2 flow rate was controlled with a mass flow meter within 0-400 mL.min Ϫ1 with an error Յ 0.1 %. N 2 was humidificated and heated to the working temperature before entering the bubble column in order to avoid water evaporation and temperature variation. The nitrogen flow rate was also measured at the top of the column using a bubble flowmeter. All the assays were done for a 60 mL PME solution volume.
Stirred gas-liquid reactor
A 4L fermenter (Setric 4V), diameter 15 cm, stirred by a Rushton turbin (diameter 5 cm) has been used. N 2 is injected through a perforated stick located at the bottom of the reactor. The working volume was 1.8 L and the stirring speed 600 rpm for all experiments in this reactor.
Inactivation experiments 100 mL of citrate buffer at the appropriate pH (3-8.2) were preequilibrated at the assay temperature (between 45.0°C and 54.5°C). A concentration of PME calculated to reach a 8 mg.L Ϫ1 final concentration was then introduced in the preheated buffer and a 60 mL volume of the enzymatic solution was transferred into the bubble column. The enzymatic solution was stirred in the bubble column reactor during the experiment by rising nitrogen bubbles introduced into the base of the bioreactor vessel. In the fermenter, 1.75 L of citrate buffer were preheated at the working temperature. Then, 50 mL of PME solution was then added to reach the same final concentration 8 mg.L
Ϫ1
.
At different intervals of time, samples were withdrawn from the solution. Each sample was immediately cooled in a 0°C water bath in order to stop the inactivation process. The PME activity was then measured at 25°C according to the method previously presented. The results were expressed as a percentage of residual activity versus time.
The residual activity is defined as the ratio of the activity at time t to the initial activity. The half-life is the time when the enzyme lost 50% of its activity.
Results and discussion
Effect of nitrogen bubbling on PME inactivation At 50°C and pH 4.5, the inactivation kinetics of PME are significantly enhanced by a N 2 bubbling in the bubble column (Figure 2) .
For all the experiments achieved with and without N 2 bubbling, linear regressions of the logarithm of PME residual activity versus time show that inactivation processes are of first order with respect to active PME. The half-time decreases from 8.5 h without bubbling to 3.5 h with a 100 mL.min Ϫ1 N 2 flow rate in the bubble column. No reactivation was observed when samples were incubated for a further 24 hours without N 2 bubbling. Gas promoted inactivation is an irreversible process.
Saturating the enzymatic solution with nitrogen before inactivation did not modify PME inactivation kinetics for the same working conditions. The inactivation is not caused by an interaction of nitrogen with the enzyme molecule.
In order to improve N 2 bubbling inactivation, inactivation has been performed in the fermentor which allows higher flow rates (ie higher specific interfacial area). Figure 2 shows also that PME inactivation is enhanced in the fermenter. However, inactivation is not improved by increasing the flow rate. This is in agreement with the fact that the inactivation kinetics were identical while varying the flow rate from 25 to 100 mL.min Ϫ1 in the bubble column (data not shown). The limitation of the PME 
